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Abstract
Knowledge of the underlying genetic architecture of quantitative traits could aid in
understanding how they evolve. In wild populations, it is still largely unknown
whether complex traits are polygenic or influenced by few loci with major effect, due
to often small sample sizes and low resolution of marker panels. Here, we examine the
genetic architecture of five adult body size traits in a free-living population of Soay
sheep on St Kilda using 37 037 polymorphic SNPs. Two traits (jaw and weight) show
classical signs of a polygenic trait: the proportion of variance explained by a chromo-
some was proportional to its length, multiple chromosomes and genomic regions
explained significant amounts of phenotypic variance, but no SNPs were associated
with trait variance when using GWAS. In comparison, genetic variance for leg length
traits (foreleg, hindleg and metacarpal) was disproportionately explained by two SNPs
on chromosomes 16 (s23172.1) and 19 (s74894.1), which each explained >10% of the
additive genetic variance. After controlling for environmental differences, females het-
erozygous for s74894.1 produced more lambs and recruits during their lifetime than
females homozygous for the common allele conferring long legs. We also demonstrate
that alleles conferring shorter legs have likely entered the population through a his-
toric admixture event with the Dunface sheep. In summary, we show that different
proxies for body size can have very different genetic architecture and that dense SNP
helps in understanding both the mode of selection and the evolutionary history at loci
underlying quantitative traits in natural populations.
Keywords: admixture, body size, genetic architecture, genome partitioning, genome-wide
association, genomics
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Introduction
Phenotypic change in traits thought to be under direc-
tional selection is often absent in long-term studies of
wild populations and sometimes goes in the opposite
direction to what is expected (Larsson et al. 1998; Kruuk
et al. 2001; Ozgul et al. 2009). Explaining to what extent
evolutionary or ecological processes are responsible for
observed micro-evolutionary change, or the lack thereof,
has often proven very difficult (Morrissey et al. 2012).
For example, proxies for body size such as height,
tarsus length or body mass are associated with fitness
measures in a wide range of taxa, so that body size is
under positive selection in the majority of published
studies (Kingsolver & Pfennig 2004; Kingsolver & Dia-
mond 2011). Give that body size is heritable, a pheno-
typic response to selection, in terms of an increase in
body size might be expected, but in fact is rarely
observed. Stasis or even a decline in body size has been
reported in several natural populations, often in the
face of positive directional selection (Larsson et al. 1998;
Meril€a et al. 2001).
There are several major explanations for the discrep-
ancy between expectation and observation. First, even
relatively long-term individual-based studies of wild
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populations may be of insufficient duration to detect
evolutionary responses. Typically, these studies are con-
ducted in bird or mammal populations, which often
have relatively long generation times, resulting in
observations on an ecological rather than on an evolu-
tionary timescale. Second, the observed covariance
between body size and fitness may be predominantly
due to environmental factors rather than an underlying
causal genetic covariance (Kruuk et al. 2002). This
would preclude evolutionary change, even if body size
is phenotypically associated with fitness. While there is
ample evidence for a phenotypic association between
body size and fitness, no studies have shown convinc-
ing evidence for a genetic correlation between body size
and fitness. For example, in the Soay sheep (Ovis aries)
on St Kilda, a lack of genetic correlation between body
size and fitness indicates that no net genetic response to
selection can be expected (Morrissey et al. 2012).
Quantitative genetics provides a methodology to
assess whether the relationship between body size and
fitness is causal, typically using pedigrees to estimate
the relatedness between individuals (Hadfield et al.
2010; Morrissey et al. 2012). A limitation of this method-
ology is that it can neither identify the number nor the
physical positions of causal genomic regions contribut-
ing to trait variation, and nor can it reveal how they
affect fitness. While body size is usually considered a
classical polygenic trait and is probably influenced by
many genes (Visscher et al. 2007), it is possible (i) that
body size traits can be influenced by a few genes with
large effect, many genes with small effect or the entire
spectrum between these two extremes of the theoreti-
cally possible distribution and more importantly (ii)
that the degree to which different proxies for body size
are controlled by the same regions varies between pairs
of traits despite being superficially correlated at a phe-
notypic level. Examining which traits underlie body
size in specific or complex traits in general can also
contribute to our understanding of what drives or limits
the evolution of those traits. Different causal genomic
regions can differ in the magnitude and sign of their
effects on fitness, hence possibly explaining the
widespread observation of stasis.
In the last decade, studies using genome-wide associa-
tion (GWAS), have discovered hundreds of variants
underlying complex traits in human and livestock genet-
ics (Goddard & Hayes 2009; Hindorff et al. 2009; Visscher
et al. 2012). Despite this success, it has also emerged that
the variants discovered generally have very small effects
on trait values or disease risk, and even in large-scale
studies, the vast majority of the additive genetic variance
for complex traits remains unexplained when using this
approach (Manolio et al. 2009; Gibson 2010). In humans,
using relatedness at many single nucleotide polymor-
phism (SNP) markers in a mixed-model framework, up
to half of the heritable variation for a range of complex
traits is accounted for by common SNP markers (Yang
et al. 2010). This is substantially more than the proportion
of variance explained by genome-wide significant SNPs
alone (Lango Allen et al. 2010) and suggests that most of
the genetic variance is due to the variants which are
either rare or have small effects on phenotypes. Using
chromosome-specific SNP-based relatedness matrices, it
was shown that many chromosomes contributed to
genetic variance in a suite of complex traits and that the
phenotypic variance explained by a chromosome scaled
with its physical length (Visscher et al. 2007; Yang et al.
2011b). Both findings support the polygenic models of
quantitative traits as they are in agreement with the idea
that many genes, each with a relatively small effect on
trait variation, are scattered randomly throughout the
genome and as a result, larger chromosomes generally
harbour more causal genes than smaller chromosomes. A
more recently developed method which can be applied
to dense genomic data is regional heritability mapping
which falls in between both chromosome partitioning
and GWAS and has led to promising results in both
human and livestock data sets (Nagamine et al. 2012;
Riggio et al. 2013).
The above observations in humans and domestic ani-
mals are in contrast with results from wild animal popu-
lations, where the few published studies to date
generally discovered major effect quantitative trait loci
(QTL), with single regions often explaining >50% of the
heritable variation for quantitative traits (Slate 2013).
There are a number of possible explanations for this con-
trast. A meta-analysis found that QTL effect sizes are
inversely correlated with sample sizes, suggesting that
QTL effect sizes in natural populations are universally
inflated due to small sample sizes, a phenomenon termed
the Beavis effect (Beavis 1994). Second, most wild animal
studies have used linkage rather than association map-
ping (Slate 2013). Linkage mapping typically suffers from
poor resolution – QTL confidence intervals can span
large segments of the genome – and can thus harbour
multiple causal loci (Slate et al. 2010). Third, many wild
animal studies use relatively sparse marker density
which also limits power. Modern genetic tools such as
large-scale SNP genotyping offer much greater resolution
as a result of the increased marker density. Fortunately,
they are increasingly available for wild populations
(Johnston et al. 2011; Hagen et al. 2013; Robinson et al.
2013; Santure et al. 2013; Kawakami et al. 2014), and their
use may lead to improvements in our understanding of
the genetic architecture of body size and other morpho-
logical traits in natural populations (Slate et al. 2010).
The Soay sheep (Ovis aries) is a primitive sheep breed
which has lived unmanaged on St Kilda for thousands
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of years. Body size is heritable (Milner et al. 2000;
Wilson et al. 2007), and genetic correlations among five
proxies for adult body size range between 0.27 and 0.94
(Table S1, Supporting information; Berenos et al. 2014).
Body size is positively associated with fitness compo-
nents such as juvenile overwinter survival and fitness
predictors such as parasite resistance (Coltman et al.
2001). Despite this, body size has declined since the
start of the study period in 1985 (Wilson et al. 2007;
Ozgul et al. 2009). Recent studies have shown that the
association between size and fitness is nongenetic
(Ozgul et al. 2009; Morrissey et al. 2012) and that the
reduction in body size is probably due to increased
overwinter survival of smaller individuals as a result of
changing environmental conditions (Ozgul et al. 2009).
To date, most of our knowledge of the genetic
architecture of Soay sheep body size has been obtained
using pedigree-derived estimates (Wilson et al. 2007)
and more recently, genome-wide SNP marker-derived
estimates of relatedness in a quantitative genetic frame-
work (Berenos et al. 2014). A more precise understand-
ing of how genetic variation for the various body size
traits is distributed throughout the genome is now
needed. Previous analyses using linkage mapping
revealed one significant QTL and several suggestive
QTL underlying various body size traits (Beraldi et al.
2007), but it is expected that the current genomic tools
will have less bias and far superior power and precision
to unravel the genetic architecture of traits in Soay
sheep.
The objectives of this study were to: (i) partition addi-
tive genetic variance in body size between chromo-
somes and compare the VA explained by individual
chromosomes with their length; (ii) partition VA
between genomic regions; (iii) identify which SNPs are
associated with body size; (iv) test whether any identi-
fied SNPs are associated with fitness and if so the nat-
ure of selection involved; and (v) infer the origin of
haplotypes surrounding any SNPs associated with body
size. We expect that if the genetic correlation between
traits is strong (i.e. among leg length traits), the same
chromosomes, regions or SNPs contribute to phenotypic
variance in those traits. Similarly, if the genetic correla-
tion is weaker (e.g. between leg length traits, weight
and jaw length), we expect that there will be less over-
lap in the chromosomes, regions or SNPs explaining
significant amounts of trait variance.
Methods
Phenotype and genotype data
The Soay sheep is a primitive breed which lives in an
unmanaged state in the St Kilda archipelago, NW
Scotland (Clutton-Brock & Pemberton 2004). Although
they are probably to be direct descendants of the first
sheep brought to the British Isles during the Bronze
Age, in the 19th century, they also experienced an
admixture event with the now extinct Dunface sheep
breed (Feulner et al. 2013) and through this or other
such events, they acquired markers of the second wave
of sheep domestication (Chessa et al. 2009). Sheep resi-
dent in the Village Bay area, where approximately one-
third of the sheep inhabiting the island of Hirta are
found, have been the subject of a long-term individual-
based study since 1985. Following (Berenos et al. 2014),
we studied the genetic architecture of five proxies of
body size, three of which are measured on live animals
during the annual August expedition (foreleg, hindleg,
weight) and two of which are taken on postmortem
skeletal parts (metacarpal, jaw). More detailed informa-
tion about trait measurements can be found in Beraldi
et al. 2007;. Foreleg, hindleg, metacarpal and jaw are all
length measures (mm), and weight is measured in kg.
The identity of all measured sheep is known as all
sheep are ear-tagged when they are first captured,
which is generally within a few days after birth. For
adult measures, heritabilities range from 0.26 to 0.59;
genetic correlations are modest between most of the
traits (0.29–0.54), but are very high between the three
leg length measures (0.89–0.94, all estimates obtained
using genomic estimates of relatedness, Berenos
et al.2014, Table S1, Supporting information).
Genotype information at 37 037 informative autoso-
mal SNP markers on the Ovine SNP50 BeadChip [Illu-
mina, for more information about locus quality control
and marker characteristics see (Berenos et al. 2014)] was
available for a total of 5805 sheep spanning the entire
duration of the study period 1985–2012. SNP positions
were obtained from v3.1 of the sheep genome: http://
www.livestockgenomics.csiro.au.
Genomic analysis of body size
In Soay sheep, the heritability of body size increases
with age and the proportion of variance explained by
maternal effects decreases with age (Wilson et al. 2007).
In order to maximize power to detect associations
between genomic regions and trait values, we restricted
our genomic analyses to trait measures collected in
adult sheep. For the live measures (foreleg, hindleg and
weight), these were individuals captured aged
28 months and older, (corresponding to the adult age
class in Berenos et al. 2014) and for the skeletal mea-
sures (metacarpal and jaw), these were individuals
found dead at 14 months or older (corresponding to the
yearling and adult age class in Berenos et al. 2014). As
the vast majority of the mortality happens during late
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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winter/early spring, <1% of sheep with skeletal data
had experienced less than two full summers, ~25% of
sheep had experienced two summers, with the remain-
ing sheep having experienced three summers or more.
All the analyses presented were robust to any
differences in age composition between the August
expedition and skeletal data.
Partitioning of genetic variance between chromosomes and
genomic regions. Phenotypic variance for body size traits
was partitioned into genetic and environmental vari-
ance components using univariate animal models,
which can fit both fixed and random effects (Kruuk
2004). Sex and age at measurement were treated as mul-
tilevel factors and were included as fixed effects in all
analyses.
We analysed trait variance using the following
models:
y ¼ Xbþ Z1aþ Zrur þ e eqn 1
y ¼ Xbþ Z1ci þ Z2rai þ Zrur þ e eqn 2
y ¼ Xbþ Z2rai þ Zrur þ e: eqn 3
where y is the vector of phenotypic observations for all
individuals, X is an incidence matrix linking individual
records with vector of fixed effects b; Z1, Z2 and Zr are
incidence matrices which are used to relate random
effects to the individual trait records. a is the vector of
the additive genetic effects accounted for by genomic
relatedness at all autosomal markers, c is the vector of
the additive genetic effects explained by genomic region
i and ra is the vector of the additive genetic effects
explained by genomic relatedness at all autosomal
markers except for those found in region i. Additional
random effects ur varied between traits and are fitted
with their own corresponding incidence matrix Zr. Birth
year was fitted as a random effect in all models. For
adult August phenotypic data, year of measurement
and permanent environment effects were also fitted as
random effects in all models. Maternal effects were not
fitted as they explain very little of the phenotypic vari-
ance in adult size traits (Berenos et al. 2014), and as
maternal identity was not known for all animals, fitting
a maternal effect would have led to lower sample sizes.
Our data sets comprised of approximately 2550 mea-
sures on 900 individuals for August catch traits and
940–1020 individuals for skeletal traits.
Using Model (1), we estimated the total genomic heri-
tability. Using Model (2), we partitioned variance
between genomic regions at two levels of increasing
precision. We first partitioned variance between chro-
mosomes, by fitting a genomic-relatedness matrix
(GRM) for chromosome i and a GRM for all remaining
autosomal SNPs. Second, we partitioned phenotypic
variance between regions of 150 adjacent SNP markers,
again by fitting a GRM calculated using all SNPs in
region i together with a GRM calculated using all
remaining autosomal markers, using the same model
structure as above (Model 2, similar to Nagamine et al.
2012). Regions were created using a sliding window
approach, where regions of 150 adjacent SNP markers
started 75 SNPs apart. For example, for each chromo-
some, region 1 consisted of SNPs 1–150, region 2 con-
sisted of SNP 76–225 and so forth. At the end of each
chromosome, this resulted in some regions having
fewer than 150 SNPs; only regions containing more
than 112 SNPs were used in the analyses (Table S2,
Supporting information).
The genomic-relatedness matrices (GRM) between all
pairs of individuals included in the models were esti-
mated in GCTA v1.04 (Yang et al. 2010, 2011a) and
weighted using allele frequency estimates calculated
using genotype information for a total of 5805 sheep.
Relatedness estimates were shrunk using the –adj 0
command in GCTA v1.04. Adjustments were needed to
adjust for sampling error in estimating relatedness
using a finite number of markers in genomic regions.
No adjustments were made for potential differences in
allelic spectrum between genotyped SNPs and causal
variants. Variance components for models which con-
verged without adjustments differed very little from
models where adjustments were made, suggesting that
adjustments for sampling error did not introduce bias.
Significance of the proportion of phenotypic variance
attributed to chromosomes or genomic regions was
tested by comparing the log-likelihood of model 2 with
the log-likelihood of model (3) using a log-likelihood
test (LRT) assuming a chi-square distribution with one
degree of freedom. When partitioning between 150-SNP
regions, not all models converged. Model convergence
was obtained for 452 (foreleg), 455 (hindleg), 461 (meta-
carpal), 449 (weight) and 452 (jaw) of the 468 models
attempted. A region was considered to have a signifi-
cant effect on trait variation if, first, P was lower than
a = 0.05 divided by half the number of genomic regions
for which model convergence was reached. No adjust-
ments for multiple testing were made when partitioning
phenotypic variance between chromosomes. All models
were run in the ASREML-R package for R (Gilmore et al.
2009).
Testing for associations between individual SNPs and trait
values. Genome-wide association mapping was per-
formed to test for associations between SNPs and the
five body size traits. We first analysed trait variation
using a mixed model (Model 1) to account for both ran-
dom effects (such as whole-genome relatedness, the
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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permanent environment and year of measurement) and
fixed effects (sex, age at measurement). GRM were not
adjusted for sampling errors or differences in allelic
spectrum between SNPs and causal variants. We then
tested for association between residuals extracted from
these mixed models and individual SNPs using the
qtscore function in the R package GenABEL (Aulchenko
et al. 2007b). For traits measured during the August
catch, we used mean residual values as repeated mea-
surements were available for some sheep. Significance
threshold was adjusted for multiple testing using a Bon-
ferroni correction, with a = 0.05 divided by the number
of SNPs, leading to a genome-wide significance thresh-
old of P = 1.35 9 106. This approach follows the
GRAMMAR method and is known to have lower
power than mixed-model association methods where
polygenic and SNP effects are estimated simultaneously
(Aulchenko et al. 2007a). Mixed-model association meth-
ods are generally much more computationally demand-
ing than GRAMMAR, and although more efficient
mixed-model methods have been developed recently,
they are not able to deal with repeated measures and
nongenetic random effects (Yang et al. 2014). Perform-
ing GWAS using a fully specified mixed model in
ASREML would be computationally unfeasible. Hence,
for each region which contained SNPs near or exceed-
ing genome-wide significance, we estimated unbiased
effect sizes of the most highly associated SNP in ASREML-
R using an extended version of Model (1), where SNP
genotype, expressed as the number of minor alleles car-
ried by an individual, was fitted as an additional covar-
iate. Phenotypic variance explained by significant SNPs
was then estimated using the following equation:
VSNP ¼ 2pqa2
where p and q are the frequencies of the major and
minor allele, and a is additive SNP effect (Falconer &
Mackay 1996)
The proportion of phenotypic and genetic variance
explained by the focal SNP was calculated by the ratio
of VSNP to total phenotypic variance (VP) or additive
genetic variance (VA), respectively.
Testing for fitness differences at QTL loci
We first tested whether there were fitness differences
between genotypes at genome-wide significant SNP
loci, by analysing two separate annual fitness compo-
nents (annual survival: AS and annual number of
recruits: AR) and two measures of lifetime fitness (life-
time breeding success: LBS and lifetime number of
recruits: LR). We used a pedigree derived by SNP-
based parentage inference (Pedigree 2 in Berenos et al.
2014) to calculate the number of lambs or recruits pro-
duced per sheep. LBS was defined as the number of
lambs born to a female or the number of lambs sired by
a male. To avoid bias in LBS estimates due to either
sparse pedigree data or censoring of animals still alive,
LBS was calculated for all individuals born between
1990 and 2003 using parentage data up until 2012. The
data included only one male and a handful of females
born in or before 2003 and still alive in 2012, all of
which were far past their reproductive peak.
For each sheep year j, AS was defined as binary
response to whether or not an individual survived past
November 1st in year j, and AR was defined for each
sheep year j as the number of offspring born in year j
which were still alive on November 1st. LR was calcu-
lated as the total number of recruits (offspring lambs
who survived past November 1st in their first year)
produced during the lifetime of an individual. For each
individual, AS, AR and LR were only estimated for
years an individual was part of the study population,
or alternatively for males, when a male was observed
in the study area during the preceding rut. As we only
study a part of the entire island population and indi-
viduals are able to roam and reproduce outside the
boundaries of the study system, inevitably, our fitness
estimates are downwardly biased. This downward bias
is relatively modest for females, as they are philopatric,
but may be larger for males which exhibit much lower
natal fidelity, and who may be siring offspring outside
the study area (Coltman et al. 2003). Because AS, AR
and LR only taken into account fitness for years an
individual was part of the study population, this
downward bias is less than for LBS. Sample sizes per
sex ranged between 802 and 1418. All fitness measures
were analysed using generalized linear mixed models
(GLMM) with a Bayesian approach using Markov
chain Monte Carlo (MCMC) algorithms in the R pack-
age MCMCglmm (Hadfield 2010). For models of AS
and AR, fixed effects included litter size (0 if singleton;
1 if the individual had a twin), maternal age and indi-
vidual age (as a covariate, both linear and quadratic
terms) and SNP genotypes as a three-level factor and
random effects included were maternal ID, year of
birth, sheep ID (to account for the multiple observa-
tions per individual) and sheep year. The fixed effects
included when analysing LR and LBS were maternal
age, litter size and SNP genotypes, and the only ran-
dom effects fitted were maternal ID and year of birth.
A Poisson error distribution was used for AR, LR and
LBS, and a categorical (binomial) error distribution was
used for AS, respectively. Chains were run for
2 500 000 iterations with a burn-in phase of 500 000
iterations, and 1000 independent samples were taken
at 2000 iteration intervals. Weak priors were specified,
such that the total phenotypic variance was divided
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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equally between the random effects fitted. Results are
presented as posterior modes of the 1000 sampled iter-
ations and the 95% credibility interval (CI). Significance
of effect sizes can be assumed if the 95% CI does not
overlap with zero.
For each genotype at genome-wide significant SNPs,
we calculated selection coefficients for all four fitness
measures as 1–w, where w stands for the relative fitness
of a genotype compared to the fittest genotype. For loci
and traits where heterozygote advantage was observed,
we then calculated allele frequencies at equilibrium as
follows:
q ¼ s1
s1 þ s2
where q is the equilibrium frequency of the minor
allele, s1 is the selection coefficient of the major homo-
zygote and s2 is the selection coefficient of the minor
homozygote.
Inference of haplotypes in QTL regions
We estimated pairwise linkage disequilibrium (LD) and
inferred phased haplotypes using all SNPs found
within 1 Mb either side of the most strongly associated
SNPs in the Soay sheep data set. LD was calculated as
the allelic correlation r2 using the R package LDheatmap
(Shin et al. 2006). To ensure optimal phasing accuracy,
we phased haplotypes using all SNPs within 5 Mb
either side of the most significant SNPs. Genotype data
were phased, and sporadically missing SNP data were
imputed using BEAGLE v3 software (Browning & Brown-
ing 2007), which was run for 20 iterations. Twenty
phased haplotype pairs were sampled from each indi-
vidual. To ensure maximum comparability of the
phased haplotype results with the pairwise LD results,
we only used the SNPs within 1 Mb either side of the
SNPs showing strongest association with trait variation
in our graphical representation and extremely rare hapl-
otypes (observations <5 which approximately corre-
sponds to a frequency of <0.04%) were not included.
Approximately 22% of each Soay sheep’s genome
consists of Dunface sheep genetic material due to an
admixture event in the 19th century (Feulner et al.
2013). Dunface sheep are now extinct, but their genetic
material exists in the Boreray sheep: a breed which was
created by hybridization between Dunface and Scottish
Blackface sheep and which lives on another island in
the St Kilda archipelago. Therefore, if a haplotype has
entered the Soay population through this admixture
event, haplotype sharing (HS) of core haplotypes
should be greater between Soay sheep and Borerays
than between Soays and other sheep breeds (including
Scottish Blackface sheep).
We used our own genotype data (5805 Soay sheep)
and genotype data generated by the International Sheep
Genomics Consortium (ISGC) (2709 sheep belonging to
73 other domestic sheep breeds of which 17 were Borer-
ay sheep, Table S3, Supporting information) to estimate
the amount of HS between Soay sheep and other sheep
breeds following the approach used by Feulner et al.
2013;. Quality control was performed in both data sets
separately in PLINK v1.07 (Purcell et al. 2007) with the
following criteria: minor allele frequency >1%, locus call
rate >99% and individual call rate >95%. We then com-
bined both QC-ed data sets, extracted all SNPs within
5 Mb on either side of causal SNPs and again excluded
all SNPs with call rate lower than 99% or MAF <1%.
Haplotypes were phased using the same settings as
described above, but haplotypes were phased using all
SNPs within 8 Mb either side of the focal SNP. We then
defined core haplotypes from the six SNPs flanking the
focal SNP (the SNP showing strongest association with
trait values): three SNPs upstream and two SNPs down-
stream of the most significant SNPs. We calculated the
extent of HS using custom scripts implemented in R
(Feulner et al. 2013) as follows: for each core haplotype
i identified in Soay sheep with number of observations
>5, and for each non-Soay breed (or species) j, we
extracted all chromosomes containing the core haplo-
type i from Soays and breed j. Subsequently, for each
pair of Soay and non-Soay chromosomes, we deter-
mined the location of the first mismatches at SNPs
upstream and downstream of the core haplotype, and
from this, we estimated the length of unbroken HS in
base pairs. This procedure was repeated for each pair-
wise comparison of Soay and non-Soay chromosomes to
obtain a mean and standard deviation of HS for each
core haplotype i between Soay sheep and breed j.
Results
Partitioning phenotypic variance across chromosomes
and genomic regions
Genomic heritability ranged from 0.26 for foreleg to
0.53 for jaw (Table 1). When partitioning the genetic
variance between chromosomes, all traits showed sig-
nificant effects of individual chromosomes on pheno-
typic variance (Table 1, Fig. 1). Several chromosomes
explained significant amounts of phenotypic variance in
more than one trait, with chromosome 6 being signifi-
cant for all five traits and chromosomes 16 and 19 con-
tributing significantly to trait variance in all three leg
length traits (Table 1). The sum of the point estimates
of individual chromosome effects for all traits was
slightly larger than the genomic heritability (Table 1).
This could suggest that estimates for individual
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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chromosomes have a tendency to be upwardly biased,
but could also be due to the fact that when adding up
chromosomal effect sizes, the standard errors around
the estimates are not taken into account.
The proportion of phenotypic variance a chromosome
explained scaled with its physical length for weight and
jaw (R2 of 0.25 for both traits, P = 0.006 and P = 0.005,
respectively), but this pattern was not observed for any
of the leg length measures (Fig. 1). Phenotypic variance
explained by a chromosome correlated significantly
between some traits (e.g. between most leg length mea-
sures, weight and hindleg, and weight and jaw) but not
between others (Fig. S1, Supporting information).
Second, we partitioned phenotypic variance between
genomic regions each containing 150 SNPs. For each
trait, multiple chromosomes were found to contain
regions which explained significant trait variance
(Table 2, Fig. 2). Within a trait, when multiple regions
on the same chromosome were found to be associated,
they were often, but not always, adjacent or overlap-
ping regions (Table 2). Several genomic regions
explained significant amounts of variance in multiple
traits (such as region 206 for weight and jaw, 411 and
412 for foreleg and metacarpal, Table 2), and in some
cases, multiple traits were affected by neighbouring
regions rather than the same region (such as regions
123 and 124 for hindleg and foreleg, respectively,
Table 2). Significant regions were often but not always
found on chromosomes which contributed significantly
to a trait in the preceding analysis (e.g. regions on chr
6, 7, 9, 11, 13, 16, 19, Table 1, Table 2). Some regions
explained significant amounts of phenotypic variance
using a likelihood ratio test, but explained very little
variance when fitting together with the remaining poly-
genic effect (Fig. 2). This could be explained by the
correlation between relatedness at the region level with
whole-genome relatedness as a result of the many close
relatives in the populations, which makes separating
regional from polygenic effects more difficult. The con-
tribution of regions to trait values was highly correlated
between leg length traits, more modestly correlated
between hindleg and weight, and weakly correlated
between the remaining traits (Fig. S2, Supporting infor-
mation).
Genome-wide association (GWAS)
After correcting for multiple testing, we found signifi-
cant associations between SNP markers and hindleg
and metacarpal (Table 3, Fig. 3). For both traits, the
same three SNP markers on chromosome 16 exceeded
genome-wide level significance, while for metacarpal,
one SNP on chromosome 19 (s74894.1) was significant.
While s74894.1 was not significantly associated with
either foreleg or hindleg, in both traits, it was among
the SNPs showing the strongest association (Table S4,
Supporting information). The three SNP markers which
were significant for the two other leg length measures
on chromosome 16 also approached significance for
foreleg (Table 3, Fig. 3). No SNPs exceeded the gen-
ome-wide significance threshold for either weight or
jaw (Table S4, Supporting information, Fig. 3). Genomic
inflation factor (k) ranged between 0.61 and 0.82. We
have not corrected for the deflated test statistics; hence,
our GWAS results can be considered conservative. To
obtain unbiased P values, we subsequently reestimated
effect sizes for SNPs showing the strongest association
with the leg measures in a mixed-model GWAS in
ASREML. Resulting associations were much more
significant, and the SNP on chromosome 16 with the
(b)
(a)
Fig. 1 (a) The proportion of phenotypic variance for the body size traits explained by each of the 26 autosomes. (b) Scatterplot show-
ing the correlation between the physical length of a chromosome and the phenotypic variance it explains. Solid lines are shown for
linear regressions which were significant.
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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Table 2 Results from a regional heritability analysis. Only regions which explained significant amounts of phenotypic variance are
listed. Standard errors for estimates are shown between parentheses. h2Region shows the proportion of total phenotypic variations
explained by regions and LRT shows the likelihood ratio test statistic. Standard errors for genetic variances are shown within paren-
theses. Regions highlighted in grey indicate regions which explained significant amounts of phenotypic variance in more than one
trait
Trait Region Chromosome Start (bp) End (bp) Number of SNPs h2Region LRT P
Foreleg 27 1 124 215 731 135 244 346 150 0.003 (0.006) 26.05 3.33E-07
35 1 163 370 112 173 759 083 150 <0.001 (<0.001) 22.369 2.25E-06
46 1 221 538 927 236 586 656 150 <0.001 (<0.001) 22.676 1.92E-06
47 1 230 555 091 241 803 266 150 0.003 (0.007) 32.136 1.44E-08
66 2 52 218 919 60161996 150 0.009 (0.009) 35.269 2.87E-09
75 2 95 657 911 106 749 240 150 <0.001 (<0.001) 19.798 8.61E-06
94 2 187 065 342 196 452 321 150 <0.001 (<0.001) 17.671 2.63E-05
124 3 88 619 302 98818184 150 0.016 (0.013) 17.214 3.34E-05
134 3 139 456 147 147 599 922 150 0.001 (0.004) 17.094 3.56E-05
135 3 143 390 505 152 762 695 150 <0.001 (<0.001) 25.497 4.43E-07
159 4 36 983 504 46 721 132 150 <0.001 (<0.001) 25.707 3.97E-07
206 6 32 615 209 43 798 415 150 <0.001 (0.003) 29.086 6.93E-08
210 6 53 826 107 63 013 613 150 0.025 (0.017) 26.264 2.98E-07
263 9 5 432 369 15 213 397 150 <0.001 (<0.001) 25.753 3.88E-07
304 11 23 383 949 33 722 495 150 0.024 (0.013) 19.538 9.86E-06
305 11 28 846 576 38 656 286 150 0.02 (0.012) 15.386 8.77E-05
334 13 44 268 486 55 660 662 150 0.009 (0.009) 24.59 7.09E-07
345 14 28 204 607 39 795 104 150 0.002 (0.004) 26.229 3.03E-07
377 16 64 064 879 71 555 691 116 0.038 (0.017) 29.956 4.42E-08
411 19 41 742 622 53 596 723 150 0.029 (0.016) 15.975 6.42E-05
412 19 46 920 272 58 334 807 150 0.027 (0.015) 20.034 7.61E-06
Hindleg 26 1 119 554 142 128 404 190 150 0.005 (0.009) 28.212 1.09E-07
27 1 124 215 731 135 244 346 150 0.007 (0.01) 36.418 1.59E-09
28 1 128 490 718 139 871 327 150 0.008 (0.009) 25.839 3.71E-07
35 1 163 370 112 173 759 083 150 <0.001 (<0.001) 15.027 0.000106
46 1 221 538 927 236 586 656 150 0.001 (0.007) 31.909 1.62E-08
47 1 230 555 091 241 803 266 150 0.006 (0.009) 37.401 9.62E-10
66 2 52 218 919 60 161 996 150 0.011 (0.013) 27.92 1.26E-07
75 2 95 657 911 106 749 240 150 0.006 (0.011) 17.73 2.55E-05
94 2 187 065 342 196 452 321 150 <0.001 (<0.001) 28.893 7.65E-08
123 3 83 846 136 94 896 073 150 <0.001 (<0.001) 27.67 1.44E-07
134 3 139 456 147 147 599 922 150 <0.001 (<0.001) 28.1 1.15E-07
140 3 166 893 525 176 707 224 150 <0.001 (<0.001) 25.718 3.95E-07
159 4 36 983 504 46 721 132 150 <0.001 (<0.001) 27.894 1.28E-07
186 5 45 779 648 55 392 813 150 <0.001 (<0.001) 19.147 1.21E-05
206 6 32 615 209 43 798 415 150 0.006 (0.008) 25.427 4.59E-07
210 6 53 826 107 63 013 613 150 0.022 (0.019) 26.651 2.44E-07
220 6 103 648 996 112 817 744 150 0.022 (0.014) 15.667 7.55E-05
269 9 32 003 055 40 498 168 150 0.011 (0.012) 18.709 1.52E-05
304 11 23 383 949 33 722 495 150 0.032 (0.019) 14.959 0.00011
334 13 44 268 486 55 660 662 150 0.01 (0.012) 22.12 2.56E-06
345 14 28 204 607 39 795 104 150 <0.001 (<0.001) 19.572 9.69E-06
377 16 64 064 879 71 555 691 116 0.071 (0.029) 40.132 2.37E-10
387 17 47 416 116 56 753 909 150 0.009 (0.011) 17.012 3.71E-05
467 26 27 216 096 37 050 856 150 0.086 (0.038) 15.21 9.62E-05
Metacarpal 26 1 119 554 142 128 404 190 150 <0.001 (<0.001) 20.984 4.63E-06
27 1 124 215 731 135 244 346 150 <0.001 (<0.001) 31.177 2.36E-08
28 1 128 490 718 139 871 327 150 0.003 (0.007) 18.866 1.40E-05
34 1 158 729 797 168 956 387 150 <0.001 (<0.001) 15.339 8.99E-05
46 1 221 538 927 236 586 656 150 <0.001 (<0.001) 25.326 4.84E-07
66 2 52 218 919 60 161 996 150 0.019 (0.017) 24.651 6.87E-07
75 2 95 657 911 106 749 240 150 <0.001 (<0.001) 20.811 5.07E-06
© 2015 The Authors. Molecular Ecology published by John Wiley & Sons Ltd.
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Table 2 Continued
Trait Region Chromosome Start (bp) End (bp) Number of SNPs h2Region LRT P
76 2 101 078 351 112 897 395 150 <0.001 (<0.001) 20.342 6.48E-06
94 2 187 065 342 196 452 321 150 0.01 (0.012) 24.162 8.85E-07
124 3 88 619 302 98 818 184 150 0.011 (0.014) 15.335 9.00E-05
134 3 139 456 147 147 599 922 150 <0.001 (<0.001) 16.822 4.11E-05
135 3 14 339 0505 152 762 695 150 <0.001 (<0.001) 26.35 2.85E-07
140 3 166 893 525 176 707 224 150 0.001 (0.005) 27.698 1.42E-07
159 4 36 983 504 46 721 132 150 0.006 (0.011) 17.979 2.23E-05
206 6 32 615 209 43 798 415 150 <0.001 (<0.001) 33.312 7.85E-09
210 6 53 826 107 63 013 613 150 0.002 (0.009) 26.059 3.31E-07
290 10 362 380 12 46 714 199 150 0.003 (0.007) 21.702 3.18E-06
291 10 41 802 553 50 290 499 150 0.005 (0.009) 22.213 2.44E-06
333 13 38 741 390 51 028 375 150 <0.001 (<0.001) 24.96 5.85E-07
345 14 28 204 607 39 795 104 150 0.004 (0.008) 26.572 2.54E-07
377 16 64 064 879 71 555 691 116 0.079 (0.033) 40.501 1.97E-10
410 19 36 615 520 46 882 636 150 0.041 (0.026) 15.437 8.53E-05
411 19 41 742 622 53 596 723 150 0.083 (0.037) 24.989 5.76E-07
412 19 46 920 272 58 334 807 150 0.101 (0.044) 32.792 1.03E-08
Weight 26 1 119 554 142 128 404 190 150 0.021 (0.015) 22.569 2.03E-06
27 1 124 215 731 135 244 346 150 0.027 (0.017) 44.874 2.10E-11
28 1 128 490 718 139 871 327 150 0.035 (0.022) 25.181 5.22E-07
35 1 163 370 112 173 759 083 150 <0.001 (<0.001) 20.082 7.42E-06
46 1 221 538 927 236 586 656 150 <0.001 (<0.001) 22.158 2.51E-06
47 1 230 555 091 241 803 266 150 <0.001 (<0.001) 16.612 4.59E-05
66 2 52 218 919 60 161 996 150 <0.001 (<0.001) 26.075 3.28E-07
75 2 95 657 911 106 749 240 150 <0.001 (<0.001) 27.556 1.53E-07
94 2 187 065 342 196 452 321 150 <0.001 (<0.001) 24.298 8.25E-07
134 3 139 456 147 147 599 922 150 <0.001 (<0.001) 20.883 4.88E-06
135 3 143 390 505 152 762 695 150 0 (0.005) 26.129 3.19E-07
140 3 166 893 525 176 707 224 150 <0.001 (<0.001) 29.205 6.51E-08
159 4 36 983 504 46 721 132 150 <0.001 (<0.001) 23.466 1.27E-06
186 5 45 779 648 55 392 813 150 0.004 (0.007) 17.158 3.44E-05
206 6 3 261 5209 43 798 415 150 0.02 (0.014) 34.817 3.62E-09
207 6 38 952 950 48 762 234 150 0.028 (0.017) 15.1 0.000102
263 9 5 432 369 15 213 397 150 0.018 (0.014) 27.856 1.31E-07
269 9 32 003 055 40 498 168 150 0.012 (0.01) 23.933 9.97E-07
334 13 44 268 486 55 660 662 150 0.021 (0.015) 25.161 5.27E-07
Jaw 13 1 57 789 949 67 062 156 150 0.001 (0.008) 19.776 8.71E-06
26 1 119 554 142 128 404 190 150 <0.001 (<0.001) 22.468 2.14E-06
27 1 124 215 731 135 244 346 150 <0.001 (<0.001) 33.977 5.58E-09
28 1 128 490 718 139 871 327 150 <0.001 (<0.001) 30.246 3.81E-08
34 1 158 729 797 168 956 387 150 <0.001 (<0.001) 18.938 1.35E-05
35 1 163 370 112 173 759 083 150 <0.001 (<0.001) 32.573 1.15E-08
45 1 215 348 022 230 306 316 150 0 (0.006) 28.309 1.03E-07
46 1 221 538 927 236 586 656 150 0.007 (0.013) 32.183 1.40E-08
66 2 52 218 919 60 161 996 150 <0.001 (<0.001) 38.167 6.49E-10
75 2 95 657 911 106 749 240 150 0.022 (0.017) 38.826 4.63E-10
79 2 119 360 781 128 938 914 150 <0.001 (<0.001) 22.751 1.84E-06
94 2 187 065 342 196 452 321 150 <0.001 (<0.001) 32.984 9.29E-09
124 3 88 619 302 98 818 184 150 <0.001 (<0.001) 22.409 2.20E-06
134 3 139 456 147 147 599 922 150 0.023 (0.015) 44.695 2.30E-11
135 3 143 390 505 152 762 695 150 0.015 (0.013) 22.202 2.45E-06
140 3 166 893 525 176 707 224 150 <0.001 (<0.001) 32.509 1.19E-08
158 4 31 436 601 42 004 010 150 0.027 (0.018) 18.357 1.83E-05
159 4 36 983 504 46 721 132 150 0.02 (0.018) 26.278 2.96E-07
206 6 32 615 209 43 798 415 150 0.029 (0.02) 45.89 1.25E-11
210 6 53 826 107 63 013 613 150 <0.001 (<0.001) 36.304 1.69E-09
227 7 22 097 462 31 127 673 150 0.052 (0.027) 16.18 5.76E-05
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strongest signal for foreleg now exceeded genome-wide
significance (Table 4). s74894.1 on chromosome 19 was
also significantly associated with foreleg, but not with
hindleg (Table 4).
For all the leg length traits, the most significantly
associated SNPs on each chromosome were character-
ized by relatively low frequency minor alleles (ca. 4.5%
for the SNPs on Chr 16, 10.1% for those on Chr 19,
Table 4). Effect sizes were large, with each copy of the
‘short-leg’ allele conferring a 2.5–6 mm reduction in
each of the three leg length measures, which is substan-
tial compared to the mean trait values (which ranged
between 80 and 181 mm).
Low-frequency alleles conferred shorter legs, but the
effect on leg length was generally additive, thus making
it unlikely that the effect sizes are biased by the low
frequency of homozygotes at the short-leg allele. Across
all leg length measures, allelic variation at the most
significant SNP on Chr 16 (SNP s23172.1) was responsi-
ble for between 3.4% and 7.5% of phenotypic variation,
thus explaining between 13% and 15% of additive
genetic variance (Table 4). For metacarpal, s74894.1
explained 2.6% and 6.7% of phenotypic variance and
10.1% and 13.8% of additive genetic variance for foreleg
and metacarpal, respectively (Table 4).
Selection
There were no significant associations in either of the
sexes between SNP genotypes at s23172.1 and any of
the fitness measures (Table S5, Supporting information),
although females carrying two copies of the minor
alleles at s23172.1 had marginally nonsignificantly
higher LBS than females which were homozygous for
the major allele (Table S5, Supporting information).
Females which were heterozygous at s74894.1 showed
Table 2 Continued
Trait Region Chromosome Start (bp) End (bp) Number of SNPs h2Region LRT P
266 9 19 630 364 27 593 399 150 0.027 (0.018) 16.272 5.49E-05
279 9 78 846 991 87 056 637 150 0.013 (0.014) 31.83 1.68E-08
291 10 41 802 553 50 290 499 150 <0.001 (<0.001) 29.369 5.98E-08
333 13 38 741 390 51 028 375 150 <0.001 (<0.001) 32.078 1.48E-08
345 14 28 204 607 39 795 104 150 <0.001 (<0.001) 37.129 1.11E-09
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significantly higher LR and LBS than females which
were homozygous at this locus. Females heterozygous
at s74894.1 showed higher AS and AR, although this
was not significant. Similarly, males heterozygous at
this locus performed better than homozygotes for both
long legs and short legs across most fitness measures,
but the differences were not significant.
For s23172.1, relative fitness was consistently highest
for the long-leg homozygotes in males (Table S6, Sup-
porting information). In females, relative fitness was
highest for long-leg homozygotes at s23172 for AS only,
whereas short-leg homozygote genotypes showed the
highest fitness in AR, LBS and LR. For s74894.1, relative
fitness was relatively consistently highest for heterozyg-
otes in both sexes, with AR in females as an exception,
where the short-leg homozygote enjoyed the highest fit-
ness (Table S6, Supporting information). Selection coef-
ficients for other genotypes ranged between <0.01 and
0.94, although 95% confidence intervals were very
broad and overlapped in all cases suggesting that there
is no statistical evidence for fitness differences between
genotypes. For cases where heterozygote advantage
was observed, which were 7 of 8 fitness measures anal-
ysed for s74894.1, calculated equilibrium frequencies of
the short-leg allele at s74894.1 were generally higher
than the observed frequency of 0.10 and ranged
between 0.15 and 0.54 (Table S6), although again 95%
bootstrap confidence intervals were very broad and
ranged from 0 to 1.
At both loci of interest, the major long-leg alleles
increased in frequency in the population between 1990
and 2012 (s23172.1: b = 0.044  0.014 (%/year),
R2 = 0.301, P = 0.004; s74894.1: b = 0.099  0.022 (%/
year), R2 = 0.438, P = 0.0003; Fig. S3, Supporting infor-
mation). Gene-drop simulations (detailed information
on method used in Supporting Information) showed
that these increases fall within the distribution that can
be generated by stochastic processes (i.e. drift) alone
(one-tailed P for s23172.1 and s74894.1, respectively:
0.378 and 0.299, Fig. S3, Supporting information).
Linkage disequilibrium and haplotype sharing
Of the three SNPs on chromosome 16 exceeding
genome-wide significance for metacarpal, s22142.1 and
s23172.1 were adjacent to one another, while s63944.1 is
found ~600 kb upstream of both SNPs. However, LD
analysis revealed that within a 2-Mb segment surround-
ing s23172.1, these three SNPs were in extremely high
LD (r2 > 0.9, Fig. S4) and that LD between all other
SNPs in the region was substantially lower. This LD
pattern suggests a haplotype block around the most
strongly associated SNPs, stretching from s15712.1 to
s34571.1. A very different pattern was observed when
looking at LD around s74894.1 on chromosome 19. In
general, LD was higher in the region around s74894.1
on Chr. 19 than in the region surrounding s23172.1 on
Chr 16 (mean r2 was, respectively, 0.19 and 0.11), but
s74894.1 was in relative low LD, both with neighbour-
ing SNPs and more distant SNP (Fig. S4, Supporting
information).
We next inferred haplotypes in the same regions
around each leg length QTL. In the region around
s23172.1 (Chr 16), 65 unique haplotypes were inferred,
Table 3 Results of genome-wide association for leg length traits. Association was performed on residuals extracted from a mixed
model, and P values are deflated (Fig. 3) and thus overly conservative. For metacarpal length, results are shown for SNPs which
showed significant association after Bonferroni correction (P values shown in bold). For hindleg, only the SNPs on chromosome 16
were genome-wide significant, and for foreleg length, none of the associations were significantly associated after Bonferroni correc-
tion. But results for the three most associated SNPs on chromosome 16 and the single most associated SNP on chromosome 19 are
shown for all leg length traits to highlight the congruence. The units for the additive effect of the minor allele are in mm
Trait SNP Chromosome Position
Major
allele
Minor
allele
Number
of
observations
Additive
effect of the
minor allele v2 P
Foreleg s63944.1 16 69 135 141 A G 887 0.676 22.262 2.38 9 1006
s23172.1 16 69 726 554 A G 885 0.673 21.788 3.04 9 1006
s22142.1 16 69 679 810 G A 887 0.657 21.223 4.09 9 1006
s74894.1 19 52 470 202 G A 886 0.405 17.352 3.11 9 1005
Hindleg s23172.1 16 69 726 554 A G 897 0.445 28.224 1.08 9 1007
s22142.1 16 69 679 810 G A 899 0.432 27.274 1.77 9 1007
s63944.1 16 69 135 141 A G 899 0.431 26.824 2.23 9 1007
s74894.1 19 52 470 202 G A 898 0.201 12.792 3.48 9 1004
Metacarpal s23172.1 16 69 726 554 A G 937 1.476 40.079 2.44 9 1010
s22142.1 16 69 679 810 G A 940 1.45 39.809 2.80 9 1010
s63944.1 16 69 135 141 A G 940 1.366 35.336 2.77 9 1009
s74894.1 19 52 470 202 G A 939 0.966 31.195 2.33 9 1008
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of which 6 contained the short-leg G allele at s23172.1
(Fig. S5). Interestingly, all 6 of these haplotypes were
identical for ~930 KB stretching from s22694.1 to
259572.1, a region which includes the three most signifi-
cant SNPs for leg length (Fig. S5) suggesting that no
recombination events have occurred in this region since
this haplotype arose. For long-leg haplotypes in the
same region, substantially more heterogeneity was
observed. In the 2-Mb region around s74894.1 (Chr. 19),
of the 37 unique haplotypes, only five harboured the
short-leg leg allele. The most common short-leg haplo-
type was observed 1052 times (out of 1166 short-leg
haplotypes). In contrast with the region around
s23172.1 (Chr 16), short-leg haplotypes have undergone
more recombination events around the focal SNP as
they are only identical at the focal SNP and the down-
stream SNP (Fig. S5, Supporting information).
In the Soay sheep population, we identified 10 and 11
‘core’ haplotypes of 6 SNPs with more than five obser-
vations (covering 321Kb and 555Kb) around SNPs
s23172.1 (Chr 16, Fig. 4) and s74894.1 (Chr 19, Fig. 5),
respectively (Table S7). Of these unique core haplo-
types, one haplotype on chromosome 16 and three hapl-
otypes on chromosome 19 tagged short-leg alleles. All
core haplotypes found in Soay sheep were present in
other sheep breeds used in the analysis. However, both
the number of core haplotypes found in other sheep
breeds and the length of the haplotypes surrounding
the core haplotypes shared between the Soay sheep and
other breeds varied substantially, reflecting that some
breeds are more closely related to the Soays than others
(Figs 4 and 5). For example, for several core haplotypes
(haplotypes 1 and 5 at chromosome 16, haplotypes 1, 5
and 9 at chromosome 19, Table S7), HS between the
Boreray sheep and Soay sheep was greater than
between any other sheep breed and Soays. For both
chromosomes, this pattern was particularly striking for
core haplotypes carrying the minor short-leg alleles. In
fact, the extent of HS around SNPs s23172.1 (Chr 16)
and s74894.1 (Chr 19) with the Borerays at the most
common short-leg haplotypes exceeded HS at all other
haplotypes and with all other breeds.
Discussion
Heterogeneity of genetic architecture of body size
Our analysis has enhanced our understanding of the
genetic architecture of body size in two ways. First, dif-
ferent proxies of body size showed different patterns of
correlation between chromosome length and the pro-
portion of variance explained by a chromosome
(Fig. 1B). The significant positive correlations for weight
and jaw indicate that many loci having small effects onT
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Fig. 3 (a) genome-wide association (GWAS) of body size traits in Soay sheep. All points above the solid line are genome-wide signif-
icant after Bonferroni correction for multiple testing. (b) Q-Q plot showing the observed distribution of P values against the expected
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these traits are scattered throughout the genome. In the
three leg length traits, the expected correlation was dis-
rupted (and not significant). While this is partly
explained because two small chromosomes, 16 and 19,
explained disproportionately large amounts of varia-
tion, regressions excluding those two chromosomes
were still not significant. While the regional heritability
analysis for all traits located numerous regions of inter-
est scattered throughout the genome, GWAS located
QTL only for the leg length measures, and the QTL
were located on chromosomes 16 and 19. Thus, differ-
ent aspects of a single syndrome (body size), as well as
different traits, can show different genetic architectures,
and assuming enough power in terms of individuals
and markers (relative to LD), chromosomal partitioning
is a useful tool for inferring such differences and poten-
tially for predicting which chromosomes harbour major
QTL.
Second, our analyses provide support for and illumi-
nate the previously documented genetic correlations
between body size traits (Berenos et al. 2014). All five
traits analysed are genetically correlated to some degree
[at least 0.3 (Berenos et al. 2014)], and consistent with
this, we found that regions or chromosomes which
explained large amounts of variation in one trait often
also explained large amounts of variation in other traits.
Thus, some chromosomes and even 150 SNP regions
contributed significantly to both leg length and either
jaw or weight, with chromosome 6 even being signifi-
cant for all five traits (Table 1). However, detailed com-
parisons of particular pairs of traits also illuminated the
variation in genetic correlations between specific traits.
We would expect the different leg length measures to
be under similar genetic control due to their common
developmental path. And indeed, the three leg length
traits showed a very consistent pattern of which geno-
mic segments explained phenotypic variance at all of
the levels of resolution analysed (chromosome, 150-SNP
region and even SNP level), confirming the strong
genetic correlations between them [Table S1, Supporting
information, (Berenos et al. 2014)]. Many chromosomes
were significant for at least two leg length measures
and some even for all three (chromosomes 6, 16 and
19). Multiple regions on both chromosomes 16 and 19
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explained significant amounts of trait variance using
regional heritability analysis in both foreleg and meta-
carpal, although only chromosome 16 regions were sig-
nificant for hindleg in this analysis. Two SNPs found
within these regions on Chr 16 and Chr 19 were associ-
ated with foreleg and metacarpal, one of which was
confirmed in hindleg. In contrast, there was much less
consistency when comparing body weight, jaw and
either of these traits with the leg length measures. The
regional heritability analysis showed relatively low
overlap of significant regions between body weight and
jaw (genetic correlation ca. 0.5 (Berenos et al. 2014), with
just one region, 206 on chromosome 6, in common. Sim-
ilarly, there was little overlap of significant regions
between either weight or jaw and any of the leg length
measures [genetic correlations ca. 0.3–0.5 (Berenos et al.
2014)]. These contrasts were also supported by the fact
that the variance explained by either whole chromo-
somes or regions was strongly correlated between leg
length measures but only weakly correlated between
weight and jaw (Figs S1 and S2, Supporting informa-
tion). Estimation of genetic correlations per chromo-
some would have been desirable, but we lacked the
power to conduct this analysis.
Absence of a positive correlation between chromo-
some length and genetic variance explained, such as we
observed for leg length measures, is often interpreted as
evidence against the polygenic model or in support of a
moderate to large effect QTL model (Robinson et al.
2013). However, we believe, for the reasons outlined
below, that the polygenic model still holds for the leg
length traits. First, multiple chromosomes and regions
within chromosomes explain significant amounts of
genetic variance for all the leg length traits, although
some chromosomes contributed to disproportionally
large amounts of variance (e.g. Chr 16 and 19), and oth-
ers explaining disproportionally small amounts of vari-
ance (e.g. Chr 1, 2 and 3). Disproportionally large
effects of a chromosome could arise due to it carrying
many genes of small effect or because of a few major
effect QTL. We here show that, for both chromosome 16
and 19, most of the chromosomal heritability is
explained by a single SNP. But given that the minor
alleles are each almost exclusively found on a single
long-ranging haplotype, we cannot rule out the possibil-
ity that both these main effect QTL are tagging several
causal SNPs or genes. Second, each of the genome-wide
significant SNPs only explain ca. 14% of the total geno-
mic heritability for each trait, suggesting that although
leg length is influenced by two major-effect QTL, the
majority of the genetic variance is explained by undis-
covered variants.
Many QTL analyses in natural populations are under-
powered and hence only detect major effect QTL (Slate
2013), and for the same reasons estimated inflated effect
sizes (Beavis 1994). Our results are in contrast with
many previous QTL studies in natural populations
(which used variance component-based linkage map-
ping), as the SNPs significant for hindleg length
reported here only explain between 3 and 8% of pheno-
typic variation. This may be partly a result of the larger
sample sizes used here than in many other QTL studies
in wild population, leading to more realistic estimates
of effect sizes (Slate 2013). An alternative explanation is
that the high density of SNP markers used in GWAS
methods, such as used here, only picks up an associa-
tion with markers which are in LD with causal variants,
whereas QTL detected using linkage mapping often
cover tens of cM and may be the result of multiple
linked causal loci (Slate et al. 2010).
The estimates of genetic variance explained by a
genomic region are highly consistent between the three
complementary analyses undertaken (e.g. 7% of pheno-
typic variance for hindleg is explained by s23172.1,
region 377 and chromosome 16, and between 5.5% and
8.3% of phenotypic variance for metacarpal is explained
by s74894.1, region 411 and chromosome 19, Tables
1–3). While this suggests that our single SNP effects are
unlikely to be greatly inflated, the strong LD and haplo-
type structure around s23172.1 will make fine mapping
of true causal variants very challenging. Haplotypes
with minor short-leg alleles at s23172.1 virtually always
carry minor alleles at the remaining two Chr. 16 SNPs
that exceed genome-wide significance, while the oppo-
site is true for haplotypes carrying the major long-leg
alleles. In combination with the fact that haplotypes car-
rying minor alleles at s23172.1 (Chr. 16) are completely
identical for a region spanning almost 1 Mb, we cannot
rule out that: (i) s23172.1 may tag more than one causal
variant, and/or (ii) causal variants are located any-
where in this region. Perhaps the greater resolution of
the newly available 600K HD Ovine SNP chip will lead
to greater precision in mapping the locus underlying
leg length on chromosome 16.
Despite substantially increased sample sizes, we were
only partly able to replicate earlier findings obtained in
this study population using variance component-based
linkage mapping, in which a significant QTL for jaw was
found on chromosome 11, and suggestive QTL on chro-
mosomes 15 and 8 for hindleg and birthweight, respec-
tively (Beraldi et al. 2007). We found that chromosome 11
did explain significant variation for three traits, including
jaw, while a region on this chromosome was found to
explain large amounts of variation in foreleg and hindleg
in regional heritability analyses (Fig. 1 and Fig. 2, Table 1
and Table 2). However, we were not able to replicate pre-
vious findings using GWAS. This may be due to the pre-
vious study suffering more from the aforementioned
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Beavis effect (Slate 2013). Also, major effect QTL found
using a linkage mapping approach could be a result of
the effect of multiple linked loci, each with a small effect
of its own, and such QTL are less likely to be confirmed
using a single-SNP GWAS approach. Methods relying on
partitioning variance between chromosomes or genomic
regions are better suited to detect such joint effects of
linked loci each with an effect too small to be detected by
GWAS (Nagamine et al. 2012), thus explaining why a
QTL previously found using the variance component
approach was only replicated using chromosome parti-
tioning. Our results are also in agreement with results in
the only study we are aware of which examined the
genetic architecture of weight using the OvineSNP50
chip in a domestic sheep breed. In this study, it was
shown that regions on chromosome 6 affect body weight
in Blackface sheep lambs (Riggio et al. 2013). These over-
lap with regions on chromosome 6 that explain signifi-
cant phenotypic variance in both weight and jaw in Soay
sheep in this study.
Can polymorphism at leg length QTL be traced to
admixture with Dunface sheep?
Recently, it has been shown that Soay sheep have expe-
rienced an admixture event with the Dunface sheep
breed and that this admixture event introduced alleles
and discrete phenotypic variation for coat colour and
colour pattern (Feulner et al. 2013). Although Dunface
sheep are now extinct, their genetic material persists in
the Boreray sheep, which were created by admixture
between Dunface and Blackface sheep. Here, we dem-
onstrate that phenotypic and genetic variation in a
quantitative trait probably also originated through the
admixture event with this more modern breed
described in (Feulner et al. 2013). The extensive HS with
Boreray sheep of the short-leg allele haplotypes on both
chromosomes 16 and 19, and low number of breeds in
which core haplotypes carrying the short-leg allele at
s74894.1 were found suggest that these alleles have
been introduced from the Dunface sheep. In compari-
son, HS of haplotypes tagging the long-leg alleles with
Borerays and other breeds was comparatively much
lower, indicating that more recombination events have
occurred as the Soay sheep diverged from other sheep
breeds and thus that long-leg haplotypes were present
in the Soay sheep population prior to the admixture
event with Dunface sheep. Given that the introgressed
alleles account for a reasonable proportion of the
genetic variance for leg length, our results support the
recent reappraisal of the contribution of interpopulation
or interspecific hybridization to evolution in natural
populations (Green et al. 2010; Salazar et al. 2010;
Staubach et al. 2012).
The combined frequencies of the haplotypes tagging
the short-leg alleles (region on chr. 16: 4.6%, region on
chr. 19: 10.1%) are lower than the proportion of the
Soay sheep genome which is estimated to be derived
from the admixture event (22%, Feulner et al. 2013).
One explanation is that some of the long-leg haplotypes
present in the Soay sheep may have also been present
in the Dunface sheep. This is supported by the observa-
tion that the amount of HS for several ‘long-leg’ haplo-
types with the Boreray sheep, although low, still
exceeded that with all other sheep breeds. A second
explanation is that the frequency of short-leg haplo-
types has decreased since the admixture event. Indeed,
we show that allele frequencies of minor short-leg
alleles have declined over the duration of the study per-
iod (Fig. S3, Supporting information), although it would
be unwise to extrapolate this negative trend prior to
1990.
Admixture is ubiquitous, as few populations exist in
continuous isolation. It is probably on the rise due to
human-facilitated movement of organisms, and our con-
sideration of its importance as an evolutionary force is
growing (Grant et al. 2004). Novel genetic variants are
often introduced at higher frequencies as a consequence
of admixture than when they arise through mutations
(Hedrick 2013) and have been exposed to natural selec-
tion in previous environments which increases the
chance that they are advantageous (Barrett & Schluter
2007), thereby potentially leading to increased power to
detect associations between traits and loci. Furthermore,
our results support previous studies which have shown
that introgression from domesticated populations can
introduce new genetic variants which have presumably
arisen during artificial selection (Anderson et al. 2009).
Are there fitness differences between leg length QTL?
Body size is often found to be under positive selection
in natural populations (Kingsolver & Pfennig 2004). In
Soay sheep, body size covaries positively with fitness at
the phenotypic level, but using quantitative genetic
tools, it was previously shown that this covariance is
explained by environmental covariance rather than
genetic covariance (Morrissey et al. 2012) and hence that
a genetic response to selection is unlikely. Consistent
with this, we show that when looking at raw fitness
measures, without controlling for potentially confound-
ing environmental variables, genotypes at SNPs which
are significantly associated with leg length do not differ
significantly in annual survival, annual reproductive
success, LBS or lifetime number of recruits (LR). There
was a tendency for individuals heterozygous at
s74894.1 to show greatest relative fitness in 7 of the 8
fitness measures, but this difference was not significant.
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However, differences in fitness can be explained by fac-
tors independent of leg length loci, such as maternal
age, and whether or not an individual had a twin sib-
ling, which may be confounded and thus potentially
mask underlying fitness differences between genotypes.
When we included those variables in our models, we
found that indeed females heterozygous at s74894.1
produced significantly more lambs and recruits than
females homozygous for the long-leg allele (Table S5,
Supporting information). While not significant, this was
seen consistently for all other sex-specific fitness
measures.
While the results from the more elaborate models are
in broad agreement with the relative fitness estimates
and selection coefficients on the genotypes, there were,
as discussed in the previous paragraph, differences in
the statistical support. However, the similarity in sign
between both sets of analyses seems to suggest that there
is possibly evidence for heterozygote advantage at the
genotype level, but that as fitness differences between
individuals can arise due to nongenetic factors, this
advantage is partly masked by other processes such as
differences in environment or maternal age differences.
Empirical examples of overdominance are rare (Allison
1954), and one of the few examples of heterozygote
advantage in a free-living populations was previously
found in our study population, where overdominance at
the locus underlying horn type and horn size (RXFP2)
was observed in males (Johnston et al. 2013).
However, we should emphasize that our results
should not be interpreted as evidence for heterozygote
advantage. First, whereas females heterozygous for
s74894.1 showed higher fitness than long-leg homozy-
gote females, 95% credibility intervals overlapped with
fitness estimates for the ‘short-leg’ homozygote females.
The large CI are most likely the result of the extremely
small sample sizes for the latter genotype. Thus, while
this study, like many studies examining selection on
genetic loci in wild populations, is underpowered, the
low minor allele frequencies at both loci lead to even
further reduction in power and precision, which is in
our case especially noticeable for the short-leg homo-
zygotes. Hence, the only conclusion we can make based
on our results is that there is evidence for a fitness
advantage of the short-leg allele at s74894.1, which
could arise due to heterozygote advantage, or a (partial)
dominant or even additive effect of the short-leg allele
on fitness.
Interestingly, the frequencies of alleles associated
with short stature have declined over the study period.
We have shown that these changes can be sufficiently
explained by stochastic processes alone, suggesting that
there is no response to directional selection at either leg
length locus. For s74894.1, the sign of allelic change is
opposite to what we would expect based on the equilib-
rium frequencies, as currently observed short-leg allele
frequencies at s74894.1 are much lower than expected
(Table S6, Supporting information). However, these two
observations are not necessarily in disagreement, as the
confidence intervals around the equilibrium frequencies
span the entire range from 0 to 1 which is probably the
result of the extremely small sample sizes for the homo-
zygous short-leg genotypes.
The lack of detectable directional selection on SNPs
which were significantly associated with hindleg sug-
gests that introgressed Dunface haplotypes did not
interact negatively with the Soay sheep genetic back-
ground. Our results are thus consistent with the lack of
negative fitness consequences of introgressed haplo-
types carrying causal loci affecting coat colour in Soay
sheep (Gratten et al. 2012; Feulner et al. 2013).
In summary, we here show that different proxies of
body size in Soay sheep are influenced by different
genomic regions and that the degree of overlap broadly
corresponds with the strength of the genetic correlation
between the traits. While two body size traits (jaw and
weight) probably adhere to the infinitesimal model, the
leg length traits are influenced by two loci with moder-
ately large effect. Interestingly, genetic polymorphism
in both regions has probably arisen as a result of
admixture, but we have no evidence that the introduced
alleles are selected against. If anything, it is possible
that females carrying ‘short-leg’-introduced alleles have
a higher fitness than females carrying ‘long-leg’ alleles
at one of the loci underlying leg length. Our results
demonstrate that in combination with detailed pheno-
type and fitness information, dense marker panels,
which are increasingly available for model and non-
model systems, can be powerful tools to unravel the
genetic architecture, the origin of genetic variance for
complex traits in natural populations, and lead to dee-
per insights into selection operating on those traits than
can be obtained using pedigrees alone.
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